The evolution of development has been studied through the lens of gene regulation by examining either closely related species or extremely distant animals of different phyla. In nematodes, detailed cell-and stage-specific expression analyses are focused on the model Caenorhabditis elegans, in part leading to the view that the developmental expression of gene cascades in this species is archetypic for the phylum. Here, we compared two species of an intermediate evolutionary distance: the nematodes C. elegans (clade V) and Acrobeloides nanus (clade IV). To examine A. nanus molecularly, we sequenced its genome and identified the expression profiles of all genes throughout embryogenesis. In comparison with C. elegans, A. nanus exhibits a much slower embryonic development and has a capacity for regulative compensation of missing early cells. We detected conserved stages between these species at the transcriptome level, as well as a prominent middevelopmental transition, at which point the two species converge in terms of their gene expression. Interestingly, we found that genes originating at the dawn of the Ecdysozoa supergroup show the least expression divergence between these two species. This led us to detect a correlation between the time of expression of a gene and its phylogenetic age: evolutionarily ancient and young genes are enriched for expression in early and late embryogenesis, respectively, whereas Ecdysozoa-specific genes are enriched for expression during the middevelopmental transition. Our results characterize the developmental constraints operating on each individual embryo in terms of developmental stages and genetic evolutionary history.
evolution | development | gene expression A n insight regarding the embryo that continues to provide understanding is the notion that evolutionary constraints have shaped development (1, 2) . Indeed, the field of evolutionary developmental biology posits that these two concepts are intertwined and mutually illuminating (3) . The comparative approach of analyzing distant species has shed light on many processes, including the evolution and development of the bilaterian body plan by HOX Q:11 genes (4, 5). Although it might be naively expected that comparing two closely related species would result in only a few genomic and transcriptomic changes, the last two decades have provided plenty of evidence that the genome and its phenotypes are extremely plastic (6, 7) . These changes are manifest, but they are not random, and we require an understanding of how constraints act on possible genomic changes.
Transcriptomics methods, beginning with DNA microarrays, later followed by RNA-SEq (8, 9) , have been transformative for biological research, as they afford a comprehensive view of gene expression. Whereas previous methods examined individual genes, with the simultaneous knowledge of the expression of all the genes in a given sample, a highly resolved state of system emerged, enabling the study of cellular, developmental, and evolutionary biology. Using transcriptomics, sharp changes in gene expression were detected throughout embryogenesis, suggesting the existence of developmental milestones (10) . These were observed by gene expression changes that are not gradual but, rather, punctuate the embryo. Moreover, it was shown that different stages show different levels of expression conservation, suggesting different levels of expression constraints. The different stages also showed different compositions of genes in terms of their ages (11) , which supported the notion that the stages of embryogenesis have unique evolutionary histories.
One particular stage during embryogenesis stood out in comparative transcriptomics studies. Studying a collection of Caenorhabditis species, the ventral enclosure stage was found to correspond to a period of intense changes in gene expression (10) . Studies in arthropods and chordates revealed a similar middevelopmental stage. Interestingly, the stage in each of these phyla corresponded to the phylotypic stage: a period in which the species appear the most similar, morphologically. This middevelopmental transition between an early gastrulation module and a late morphogenesis module was observed in seven additional phyla in a recent study (12) . Also, when studying this middevelopmental transition using mutation accumulation lines, it was observed that genes expressed during this stage are less likely to be different within a population of C. elegans species (2), suggesting that the middevelopmental transition is under severe developmental constraints.
Significance
Comparing gene regulatory programs throughout developmental time and across species allows us to reveal their constraints and flexibilities. Here we study the organism Acrobeloides nanus, a clade IV nematode, by sequencing its genome, identifying its developmental transcriptome, and studying the patterns of embryonic conservation and divergence through a comparison with Caenorhabditis elegans. The gene regulatory programs of these two species show many differences early in development, but significantly converge at the middevelopmental transition. Moreover, the genes most conserved in their expression during development arose at the dawn of the superphylum Ecdysozoa. Our work shows that variation is not evenly distributed but, rather, that developmental and evolutionary constraints act to shape gene regulatory programs.
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Data deposition: All Q:9 raw data are deposited in the NCBI Sequence Read Archive (Bioproject PRJNA354072). The genome, transcriptome, and annotations are available at genomehubs.org. The rate of development varies drastically in nematodes, even between those that are closely related (13) (14) (15) (16) (17) (18) . Although C. elegans has a generation time of 3-7 d, other nematode species can take anywhere from days to a year (19, 20) . The clade IV species Acrobeloides nanus has a rate of embryogenesis that is four times longer than that of C. elegans (at 20°C) and differs substantially from C. elegans in many aspects of life cycle, mode of living, and phenotype. Although it was initially assumed that C. elegans development is archetypic for nematodes, it has now been shown that early development in A. nanus is far more regulative (21) and that, for example, gastrulation in the enoplean species Tobrilus stefanskii is much more similar to nonnematode Bilateria (13) . It has also become apparent that the molecular toolkit of development varies across the phylum, and even between closely related taxa (22, 23) .
In particular, A. nanus blastomeres remain multipotent until at least the five-cell stage, able to reassign their cell fates to compensate for the death of a neighboring blastomere (21) . A. nanus also differs from C. elegans in its ability to tolerate a wider range of environmental stresses: it develops optimally at 25°C, whereas C. elegans, typically cultured at 20°C, is negatively affected by such a high temperature (17) . Moreover, A. nanus has an increased tolerance to desiccation and toxins (24, 25) . Finally, A. nanus is one of many obligate parthenogens in the nematode phylum, and as such, its development is, unlike that of C. elegans, initiated without sperm input (26) .
Here we compare the embryogenesis of A. nanus and C. elegans at the gene expression level. We describe the genome and transcriptome of A. nanus and show how they allow for the study of transcriptional differences of cells and developmental stages in this species. We compare at the single-cell level the two-cell stage and find a tremendous amount of variation. Comparing the temporal developmental transcriptomes of these two species, we find that there are similar sharp changes at developmental milestones. In particular, we find that the middevelopmental transition is the stage at which gene expression differences between the pair of species begin to significantly decrease. In general, the genes that are more conserved are those that arose at the origin of the Nematode phylum and the superphylum Ecdysozoa. Further examining this observation, we found a relationship between the timing of expression of a gene and its phylogenetic origin. Genes arising during the superphylum Ecdysozoa are expressed during the middevelopmental transition, which can explain their increased conservation over evolutionary time. Our analysis illustrates how species with key phylogenetic distances may be leveraged to address evolutionary developmental biology, using molecular tools.
Results
Genome Analysis of Acrobeloides nanus. To study the evolution of embryogenesis, we sought to compare at the molecular and developmental level between Q:12 C. elegans and the clade IV nematode Acrobeloides nanus (Fig. 1A) . We assembled the A. nanus genome on the basis of Illumina sequencing of DNA and RNA (Supporting Information Fig. 1A shows, A. nanus has a fairly large genome relative to the other species. To account for this difference, we investigated repetitive DNA and estimated that it constitutes ∼50% of the genome, with 43% of these repeats being unclassified (Table S1 ). A driver for this might be parthenogenetic reproduction in A. nanus, as parthenogenetic species are not able to efficiently remove repeats from the population (27) . Recent studies, however, did not find an inflation of transposable elements in several parthenogenetic arthropod species (28) , nor in another parthenogenetic nematode (29) . Thus, we propose that the accumulation of repeats in A. nanus is random, as observed in other species with small effective population sizes (30, 31) .
Running the BUSCO3 pipeline (32) on our A. nanus assembly revealed that it is 89% complete and 95% partial complete for the Eukaryote gene set. We obtained 35,692 gene predictions Augustus domains, using InterProScan and in a bispecies comparison with C. elegans and screened for gene family inflations (Fig. 1B) . Finally, employing OrthoFinder (34), we identified A. nanus orthologs across eight species selected on the basis of their phylogenetic position, with 4,240 groups of orthologs containing A. nanus and C. elegans proteins.
The A. nanus genome shows dramatic variation at the level of gene families relative to C. elegans (Fig. 1B) . Pfam analysis shows more Brachyury-like (T-box) genes in C. elegans (22 genes) relative to A. nanus (six genes). The C. elegans genome is also overrepresented in other transcription factor families; namely, Zinc fingers of the C2H2 and C4 type, F-Box domains, and BTB/POZ domains. In contrast, A. nanus has more glycosyl hydrolase family genes, Hsp70, and Hsp20, as well as ABC transporters (P < 0.05, Fisher's exact test, FDR Q:18 -corrected). Interestingly, consistent with the expansion of the Hsp gene family, A. nanus develops into normal adults in large numbers when kept at 30°C; a temperature at which C. elegans quickly becomes sterile (35) .
Studying A. nanus Blastomeres Using Single-Cell RNA-Seq. We sought to use the genome assembly to study the early stages of embryogenesis. We collected individual AB and P 1 blastomeres ( Fig. 2A ) and sequenced their transcriptomes using single-cell RNA-Seq (SI Experimental Procedures). The identity of the blastomeres could be clearly distinguished morphologically, as well as from their transcriptomes (Fig. 2B) . To study the transcriptomes at the gene level, we identified the differentially segregated genes between the AB and P 1 blastomeres. We found that transcripts of heat shock genes are found in greater numbers in AB, whereas ribosomal genes are higher in P 1 (Fig. 2C) . Interestingly, this was not observed in C. elegans (36) .
We next compared the overall pattern of gene expression at the two-cell stage between C. elegans and A. nanus. For this, we compared with previously published C. elegans single-cell RNASeq data (36) and found genes with conserved and divergent AB-P 1 segregations (Fig. 2D ). P-granule-associated genes are expressed in the same direction (36) . skn-1 is evenly expressed between AB and P 1 in C. elegans; however, our previous analysis using in situ staining of skn-1 mRNA (22) showed a higher expression of this gene in the AB cell in the A. nanus two-cell stage embryo. Our single-cell transcriptomics data are in accordance with this previous finding, supporting the validity of the approach.
We found a small number of genes to be highly expressed in either the A. nanus AB or P 1 blastomere that had no expression in the C. elegans two-cell stage. Screening these genes for enriched A B 125  126  127  128  129  130  131  132  133  134  135  136  137  138  139  140  141  142  143  144  145  146  147  148  149  150  151  152  153  154  155  156  157  158  159  160  161  162  163  164  165  166  167  168  169  170  171  172  173  174  175  176  177  178  179  180  181  182  183  184  185  186   187  188  189  190  191  192  193  194  195  196  197  198  199  200  201  202  203  204  205  206  207  208  209  210  211  212  213  214  215  216  217  218  219  220  221  222  223  224  225  226  227  228  229  230  231  232  233  234  235  236  237  238  239  240  241  242  243  244  245  246  247 functional groups according to their gene ontology terms, we found terms relating to reproduction, body morphogenesis, molting, regulation of growth, and transcription initiation (P < 0.001, hypergeometric distribution). This last functional description is particularly of interest because the slow and regulative development of A. nanus might not rely on many maternally deposited transcripts and proteins, similar to C. elegans, but, rather, on primarily zygotic expression. This is in accordance with the prediction that the fast development seen in C. elegans requires the deposition of a higher amount of maternal factors in general (37) . Because comparison of the two-cell stage showed differences between the clade IV species and the model organism from clade V, we wanted to quantify the divergence in embryonic development between A. nanus and C. elegans on a global level.
Developmental Dynamics in A. nanus Reveal Distinct Stages. To identify the gene expression of all genes throughout embryogenesis, we assayed expression in individual embryos throughout A. nanus development. In contrast to the two-cell stage analysis, in this analysis, we focused exclusively on temporal resolution for the entire developmental process (Fig. 3A) . Morphologically, A. nanus stages differ from those of C. elegans; however, at the 102-cell stage, the two species appear to have converged in their cell locations (38 Q:19 ). We produced a gene expression time-course dataset according to our previously described BLIND method, in which embryos are randomly collected and sorted by their transcriptomes (39) . We collected 81 A. nanus embryos and processed each individually, using CEL-SEq (36) , to obtain an expression matrix (Fig. 3B) . For each embryo, we also noted the apparent morphological stage of development: one to eight cell-stages
, ∼30-cell stage, >30-cell stage, ventral enclosure, comma, or morphogenesis. Examining the transcriptomes using principal components analysis, we found that the overall ordering of the embryonic transcriptomes corresponded to the morphological stages (Fig.  3B) . This principal components analysis on 1,314 dynamically expressed genes (SI Experimental Procedures) accounted for 49.8% (PC1) and 13.6% (PC2) of the gene expression variation. PC1 clearly captures developmental time, and PC2 distinguishes between the stages of the middevelopmental transition and the ends of embryogenesis. Thus, from randomly collected worm embryos, we obtained a time-course of expression throughout embryogenesis.
Studying the correlation among the transcriptomes, we found sharp developmental transitions (Fig. 3C) . To annotate the stage of each transition, we compared with our morphological annotations Q: 21 and found that each transition corresponded to a shift between developmental stages (Fig. 3D) . The first transition occurs after the likely degradation of the maternal transcriptome at the end of the 8-cell stage, and the next transition between early gastrulation (∼30-cell stage) and midgastrulation (>30-cell stage). Another transition occurs at the end of the ventral enclosure stage. Finally, the comma stage was found to express a major transcriptomic transition after ventral enclosure and before morphogenesis. Thus, despite differences in the timing of embryonic development, we find a conservation in the pattern of gene expression transitions in A. nanus and C. elegans (10) .
To validate the RNA-Seq data, we further examined the expression of homeodomain genes, known to play important developmental roles, between A. nanus and C. elegans (Fig. 4A) . We found that although many genes are expressed at similar developmental stages between the two species, there were also some interesting divergences. One example is the ceh-20 gene, which encodes one of the three C. elegans homeodomain proteins (CEH-20, CEH-40, and CEH-60) homologous to Drosophila Extradenticle (Exd/Pbx). In C. elegans, this gene is expressed during the ventral enclosure stage (40) , whereas in A. nanus, the ortholog is expressed earlier, during the one to eight cell stage. To validate this difference, we performed an in situ for the ceh-20 ortholog Q:22 in A. nanus (Fig. 4B) . The in situ confirmed the early A. nanus expression. Moreover, an additional in situ of the ceh-34 gene, which is homologous to human SIX2, revealed expression consistent with our RNA-Seq analysis (Fig. 4B) . This analysis further supports the credibility of the gene expression time-course.
Comparison of the A. nanus and C. elegans Developmental Transcriptomes.
Seeking to compare the developmental transcriptomes of A. nanus and C. elegans in their entireties, we applied our previous approach in which dynamically expressed genes are first sorted according to their temporal expression (Fig. 5A) orthologous C. elegans genes, sorted according to expression of the corresponding A. nanus orthologs (Fig. 5A) , we found an immediately apparent correspondence (Fig. 5B) , suggesting general conservation of gene expression programs.
We asked whether gene expression at particular developmental stages is more evolvable than at other stages. To address this, we also sorted the C. elegans genes according to their temporal expression (Fig. 5C ). For each pair of orthologs, we computed the difference between the relative order in which each gene appears in its respective time-course, which we refer to as the expression divergence index. We then examined whether at different stages of development, genes show different overall expression patterns between species. Proceeding from the earliest to the latest expression, we examined the distributions of expression divergence scores for A. nanus genes within the nonoverlapping windows shown in Fig. 5D .
As the distributions show, expression divergence is not uniform for genes expressed at different times. Genes expressed at the earliest stage may be considered maternal transcripts, and these appear to be highly divergent (Fig. 5D ). The earliest zygotically expressed genes appear to be significantly more conserved in their expression (Fig. 5D, early) than the gastrula expressed genes, whereas genes expressed during the middevelopmental transition show significantly less divergence than those expressed at the gastrula stage (P < 10
, Wilcoxon test). Interestingly, this level of conservation continues throughout morphogenesis and does not increase, as would be expected from the hourglass model. This suggests a more complicated, funnel-like pattern of developmental constraints than previously recognized, although the reduction in divergence during the middevelopmental transition does mark a period of increased conservation, as expected.
Phylostratigraphic Analysis of Expression Divergence. Previous studies across animals separated by hundreds of millions of years of independent evolution has revealed that temporal expression of genes during animal development is correlated to the evolutionary age of genes (41, 42) . We sought to investigate whether a similar pattern is observable between the closer-related clade IV and clade V nematode species examined here. For each pair of orthologs, we inferred the phylostratigraphic age (11), ranging from cellular life (common to all studied organisms) to Rhabditida, and restricted to this class of roundworms. To study whether genes differed in their evolvability throughout development, we studied the distributions of expression divergence for each class of gene ages (Fig. 6) .
We observed a restriction of expression divergence for genes originating at superphylum, phylum, and class levels within Nematoda. The sample sizes did not allow for direct statistical comparisons of phylostratigraphic nodes. However, a Wilcoxon ranks-sum test confirmed that the distributions were significantly different between neighboring phylostrata for genes that evolved 373  374  375  376  377  378  379  380  381  382  383  384  385  386  387  388  389  390  391  392  393  394  395  396  397  398  399  400  401  402  403  404  405  406  407  408  409  410  411  412  413  414  415  416  417  418  419  420  421  422  423  424  425  426  427  428  429  430  431  432  433  434   435  436  437  438  439  440  441  442  443  444  445  446  447  448  449  450  451  452  453  454  455  456  457  458  459  460  461  462  463  464  465  466  467  468  469  470  471  472  473  474  475  476  477  478  479  480  481  482  483  484  485  486  487  488  489  490  491  492  493  494  495 at the base of the superphylum Ecdysozoa and the phylum Nematoda (Fig. 6) . Thus, in addition to genes expressed at or after the middevelopmental transition, genes originating at the dawn of the Nematode phylum are also more conserved in their expression across species than expected. We hypothesized that the reason that genes of distinct phylostratigraphic ages are conserved in their gene expression between species at different levels follows from their expression at distinct periods during embryogenesis. In other words, if genes of different ages are expressed at different developmental stages, then their expression would evolve at different rates following our results shown in Fig. 5 . Interestingly, we found that deeply conserved genes are expressed early in both C. elegans and A. nanus. Meanwhile, genes specific to the Chromadorea class or more specific taxa (SI Experimental Procedures) are expressed later in development, during differentiation (Fig. 6B) . However, genes that originated in the metazoan and the superphylum ecdysozoan are expressed during the middevelopmental transition. We further tested this result by examining the expression of genes of different ages in the recently published developmental transcriptome of the parasitic clade IV species Steinernema carpocapsae (43) . Again, we found the same pattern (Fig. 6B) , suggesting that a relationship between phylogenetic age and developmental expression may be general to the Nematode phylum.
Discussion
In this work, we compared the developmental transcriptomes of two distantly related nematodes. C. elegans is a clade V nematode of the Rhabditoidea superfamily, whereas A. nanus belongs to the Cephaloboidea superfamily within clade IV. The lineages of both species most likely diverged not more than 200 million ago (44) . Although the embryogenesis of A. nanus has been analyzed in classical cell biological studies, here we report for the first time its genome, transcriptome, and developmental gene regulation. Compared with C. elegans, we found important differences at the two-cell stage, in terms of transcription factor expression during the course of development and the overall pattern of development. We also compared the divergence in gene expression in terms of the phylostratigraphy and found that genes specific to Nematodes and the Ecdysozoa superphylum are more conserved. In this section, we discuss our results in light of the methodologies for evaluating developmental transcriptomics, the middevelopmental transition, developmental constraints, and phylostratigraphy.
As in other species examined by transcriptomics, we identified a clear middevelopmental transition in A. nanus, depicted as a sharp transition in the heat map of correlations between transcriptomes. We also observed that at this stage in development, the transcriptomes of C. elegans and A. nanus begin to converge. Interestingly, the transcriptomes do not diverge in an hourglass shape after the middevelopmental transition, as was initially suggested for vertebrates (45) , and later for a variety of invertebrates (46) and plants (47) . This is similar to a previous observation of two frog species (48) that converged at the tailbud stage (the phylotypic stage of chordates) and then did not diverge again. This may be a result of the large number of cell types expressed at this stage. These results also somewhat mirror what was seen when examining mutation accumulation strains of C. elegans (2), as well as the results of a recent study examining the developmental transcriptomes of the parasitic clade IV species S. carpocapsae (43) .
Our phylostratigraphical analysis shows that genes that emerged during the origin of the superphylum Ecdysozoa and Nematoda are more conserved in their developmental expression. We found A B C D A statistical test of difference in ED distributions for phylostratigraphic nodes revealed significance of divergence for comparisons in Nematoda, but not for genes that evolved before the phylum. The ED appears to follow an hourglass shape through evolutionary time, with evolutionary very old and young genes showing less constrained ED than those acquired on intermediate nodes in Nematoda. (B) Average expression profiles of genes of a common phylostratigraphic age for the three indicated species. Black dots indicate the stage for each category at which average expression is at its maximum.
that this may follow from a relationship between the age of a gene and its expression during development. Although Domazet-Lošo and Tautz also found that a middevelopmental stage has an overall older transcriptome when computed by the transcriptomic age index (42), we found that genes of older origin tend to be expressed early in development. We attribute this difference to us having studied separately groups of genes of distinct ages, rather than combining ages for an age of the transcriptome. In our analysis, genes of the superphylum and phylum age category are enriched for expression during the middevelopmental transition. This suggests that genetic pathways originating at the dawn of the Ecdysozoa superphylum are more conserved in their expression program during embryogenesis because they have been integrated into the more conserved middevelopmental transition stage. Importantly, our finding that genes of intermediate evolutionary age show a restriction in their developmental expression divergence is in line with the inference that these genes are definitive of superphyla and phyla within the sphere of animal diversity. Moreover, it has been argued that taxon specific ("orphan") genes contribute most to the differentiation of developmental between taxa (49). Thus, our evidence that evolutionarily young genes are more variable in their developmental expression and expressed at later stages, indeed suggests that these genes drive the differentiation of developmental gene expression programs. Our detailed study of the developmental gene expression and genome of A. nanus will allow for detailed comparative studies into these patterns, and enable deeper insights into the evolvability and constraint of molecular pathways in animal development.
Experimental Procedures
We used Illumina technology to sequence the A. nanus genome and transcriptome, and followed the CEL-seq protocol to establish a developmental time course and single blastomere transcriptomes. Details of the procedure and the short-read cleaning and assembly pipelines can be found in the Supporting Information Q:23
. We annotated the genome with Augustus, inferred orthology with Orthofinder, and analyzed expression data using Matlab, R, and Python as described in the Supporting Information Q: 24 . ACKNOWLEDGMENTS. We gratefully acknowledge the support and inspiration of Einhard Schierenberg throughout this project. We acknowledge the Technion Genome Center for assistance with the sequencing. We thank Maayan Baron for help in the processing of the data. We thank Ali Mortazavi and Marissa Macchietto for kindly providing supplementary data on orthologous genes between C. elegans and S. carpocapsae. P.H. 621  622  623  624  625  626  627  628  629  630  631  632  633  634  635  636  637  638  639  640  641  642  643  644  645  646  647  648  649  650  651  652  653  654  655  656  657  658  659  660  661  662  663  664  665  666  667  668  669  670  671  672  673  674  675  676  677  678  679  680  681  682 Supporting Information Schiffer et al. 10 .1073/pnas.1720817115
SI Experimental Procedures
Genome and Transcriptome Sequencing and Assembly. A. nanus (strain ES501) was kindly provided by Einhard Schierenberg, and then cultured at 25°C on minimal agar plates, as described in ref. 1 . We used the Illumina GaIIx and HiSeq platforms to generate paired end and mate pair reads with differing insert size from extracted DNA of many individuals. We analyzed the obtained read sets with FastQC (v0.10.1) and removed residual adapters and low-quality bases with Trimmomatic (v0.33) (2). We explored differing assembly pipelines and found SPAdes (v 3.9) (3) to give the best initial assembly results. To scaffold we choose the redundans pipeline (4), which incorporates GapFiller (5) and SSPACE (6) in an iterative way. Finally, we used a Trinity (7) assembly of RNA-Seq data to extend our scaffolding with SCUBAT2 (https://github.com/GDKO/SCUBAT2.git). Because nematode genomes are very often contaminated with sequences stemming from bacteria the animals feed on, we used Blobtools (8) to screen for contamination. We then removed the most abundant (measured in megabases) contigs with best blast hits to Proteobacteria, Actinobacteria, Cyanobacteria, Streptophyta, Ascomycota, Bacteroidetes, and Spirochetes. We sequenced mRNA across all life cycle stages using Illumina GaIIx and HiSeq machines after the general Illumina RNA-Seq protocol. We then used the Trinity pipeline to assemble the reads into a set of transcriptomic contigs.
Genome Annotation. We used BUSCO3 through the gVolante web service (https://gvolante.riken.jp) to check genome completeness. We relied on Augustus (v. 3.2.2) to annotate the A. nanus genome. To improve the Augustus predictions, we used our RNASeq data and incorporated repeats found with RepeatModeller (www.repeatmasker.org/RepeatModeler/) and masked with RepeatMasker (9). For RNA-Seq guided annotation, we followed the respective protocols on the Augustus wiki by using gmap/gsnap (v.2016-06-09) (10) to map RNA-Seq reads, incorporating SAMtools (11) and BAMtools (12) when Augustus hints are created. We set C. elegans as the species profile for Augustus.
Orthology Inference. We used Orthofinder (v.1.0.8) (13) to screen for orthologous proteins between A. nanus and C. elegans. To allow for links to be established along the phylogeny, we further included the second nematode model Pristionchus pacificus (clade V), as well as Bursaphelenchus xylophylus, Meloidogyne hapla, Panagrellus redivivus (all clade IV), and Ascaris suum from clade III as a remote outgroup. Instead of NCBI BLAST+, we used the DIAMOND Q:1 blast approach (14) in the initial any versus any blast step of Orthofinder. The phylogeny among these species is well resolved, and we thus relied on the simple gene trees to species tree algorithm implemented in Orthofinder instead of implementing more sophisticated phylogenetic programs.
Protein Domain Annotation. We employed InterProScan (v.5.19-58.0) (15) in a local standalone version to screen the A. nanus and C. elegans (Wormbase version PRJNA13758) proteomes for Pfam (16) and PANTHER (17) annotations. GO Q:2 terms (18) were retrieved as part of the PANTHER families.
Phylostratigraphy. To retrieve a phylostratigraphic annotation of the Augustus-predicted A. nanus proteins set and the C. elegans protein set downloaded from Wormbase, we used the Phylostratigraphy pipeline from https://github.com/AlexGa/Phylostratigraphy.git. The algorithm natively implements BLAST (19) searches against the Phylostratigraphy database from ref. 20 and subsequently orders the proteins according to the phylostratigraphic nodes based on best hits. In our assay, we replaced the BLAST+ searches by the faster, but highly sensitive, DIAMOND software.
RNA-Seq Developmental Time-Course. Individual A. nanus nematodes were placed on 60 mm minimal agar plates seeded with OP50 until a few embryos were observed to have hatched, at which point all embryos on a plate were collected. One hundred twenty-four embryos were collected, which spanned the course of development beginning at the single-cell stage through just before hatching. For C. elegans, we used a previous dataset (21) . Each individual embryo was placed in 1 uL water on the cap of a microcentrifuge tube and then frozen in liquid nitrogen. Samples were stored at −80°C until all samples were collected. Total RNA was extracted from individual embryos (samples were not pooled) at 1/5 the recommended volume using TRIzol (Invitrogen). LPA Q:3 and tRNA were added to help precipitate and visualize pellets, as well as 1 uL of the ERCC spike-in kit (22) at a 1:500,000 dilution to help in quantification of amplified RNA. The TRIzol mix was added to each sample, and then frozen in liquid nitrogen and thawed in a 42°C water bath five times immediately after adding TRIzol to ensure disruption of the chitinous egg shell. RNA isolation then proceeded according to ref. 23 . Isolated RNA was eluted in ultrapure water and a uniquely barcoded primer for reverse transcription, and then half of the elution was amplified according to the CEL-seq protocol (24) and then sequenced on the Illumina HISeq2000 at the Technion Genome Center. To analyze only the high-quality embryo RNA-Seq samples, we filtered out those samples with less than 600,000 transcripts, leading to an 81-embryo sample (analyzed first in Fig. 3 ).
Single Cell RNA-Seq of Blastomeres. A. nanus blastomeres were isolated according to the methods of
Edgar and Goldstien (2012), with the following modifications. All solutions were prepared with 2× salt concentrations with respect to the original recipes for C. elegans. After collection of fertilized eggs from gravid adult worms, the external chorion was removed by incubation in 2× bleach for 5 min, followed by an 8-12-min treatment in chitanase. As A. nanus blastomeres are connected by cytoplasmic bridges, individual cells from the two-and threecell stages were separated from one another mechanically, using a fine pulled-glass needle. Both dechorionated embryos and isolated blastomeres that were cultured overnight in 2×-salt EGM Q:5 developed into small juvenile worms. On dissociation, relative cell sizes were noted for identification purposes, and all cells from a single embryo were flash frozen individually in liquid nitrogen. Blastomeres were collected only from embryos where all cells survived the isolation procedure. The blastomere collection was processed for single-cell RNA-sequencing according to the CEL-Seq protocol (24) , with the addition of unique molecular identifiers within the CEL-Seq2 primers (25) .
In Situ Hybridization. In situ hybridization was performed according to the freeze crack procedure described for C. elegans (26) and modifications given by refs. 27 and 28. Before freeze cracking, the egg shell of A. nanus has been partly removed by incubation in alkaline-bleach solution (4.5% NaOCl and 0.75 M KOH) for about 90 s. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62 Digoxigenin-labeled sense and antisense RNA probes were prepared from linearized pBluescript vectors (Stratagene) containing a fragment of the A. nanus homologs of C. elegans ceh-20 (g14627.t1) and ceh-34 (g16337.t1) genes via run off in vitro transcription with T7 or T3 RNA-polymerase (Roche). A. nanus ceh-20 and ceh-34 fragments were amplified by PCR from A. nanus cDNA, cloned into pBs vector, and verified by Sanger Sequencing.
Steinernema Gene Expression Analysis. Expression data and orthologous mappings were retrieved from a recent publication (29) . The phylostratigraphic groups of Steinernema genes were transferred from their C. elegans orthologs. Expression of transcriptomes triplicates were averaged by computing the median value of the log transformed data. Of the 2,464 one to one C. elegans and S. carpocapsae orthologs, we selected those 1,143 orthologs with overall expression higher than 6 average log10 units. We then normalized the expression using transcripts per million, as in C. elegans and A. nanus analyses. We collapsed the phylostratigraphic categories into five broader categories: deep homology, which includes cellular organisms, eukaryota, and opisthokonta; metazoan, which includes metazoa, eumetazoa, and bilateria; superphylum, which includes protostomia and ecdysozoa; Nematoda and Chromadorea are simply Nematoda and Chromadorea, respectively. To estimate the expression profile of the set of genes of each phylostratigraphic group, we computed the mean of the Zscore-normalized gene expression profiles of genes with that phylostratigraphic age. 125  126  127  128  129  130  131  132  133  134  135  136  137  138  139  140  141  142  143  144  145  146  147  148  149  150  151  152  153  154  155  156  157  158  159  160  161  162  163  164  165  166  167  168  169  170  171  172  173  174  175  176  177  178  179  180  181  182  183  184  185 186 249  250  251  252  253  254  255  256  257  258  259  260  261  262  263  264  265  266  267  268  269  270  271  272  273  274  275  276  277  278  279  280  281  282  283  284  285  286  287  288  289  290  291  292  293  294  295  296  297  298  299  300  301  302  303  304  305  306  307  308  309  310   311  312  313  314  315  316  317  318  319  320  321  322  323  324  325  326  327  328  329  330  331  332  333  334  335  336  337  338  339  340  341  342  343  344  345  346  347  348  349  350  351  352  353  354  355  356  357  358  359  360  361  362  363  364  365  366  367  368  369  370  371  372 
